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ABSTRACT 

This Report presents the results of a synoptic study of the propagation 
characteristics of round-the-world (RTW) high frequency radio signals. The 
observations were made near Alice Springs using a backscatter sounder. The diurnal, 
seasonal and solar cycle variations in the signal power and frequency limits are 
discussed. The measured optimum direction of propagation is determined and 
compared to a simple model. 
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Round-The-World High Frequency Propagation: A 
Synoptic Study 

EXECUTIVE SUMMARY 

Round-the-world (RTW) propagation of high frequency (HF) radio waves has been observed 
since 1927.   Results of a synoptic study of this phenomena using the backscatter sounder that is 
part of the Frequency Management System of the Jindalee Over-the-Horizon radar are presented. 
The diurnal, seasonal and solar cycle variations in the signal power and frequency limits are 
discussed. 

In winter RTW signals were exclusively observed during the daylight hours. In summer there 
were two periods when RTW propagation was observed. There was a primary period when strong 
signals were detected commencing at sunset and which lasted for up to 6 hours. Weaker signals 
were also observed during the middle period of the day. The frequency extent of the RTW signals 
was from 9 to 21 Mhz during winter and 9 to 24 Mhz in summer. A significant asymmetry was 
noted between the equinoxes. The frequency limits during the autumn equinox were measured to 
be 3 to 5 Mhz greater than those during the spring equinox. Some evidence of solar cycle 
variations was seen in the data. After taking into account the diurnal and seasonal variations both 
the received power and frequency extent of the RTW signals decreased with decreasing sunspot 
number. The optimum direction of propagation during both summer and winter was examined 
and found to closely fit the simple model proposed by Fenwick [1963]. 

Any long range echoes, like RTW, have the potential to mask wanted target signals for an OTH 
radar. The frequency band between 11 and 21 MHz where the RTW signal is observed is also one 
of the most useful for OTH radar operations. An evaluation of the impact of these signals on 
radar target detection capability requires an estimate of the Doppler characteristics of the echoes 
which has not been systematically studied. The fact that RTW signals occupy a relatively small 
range depth means that it should be possible to develop mitigation strategies that minimise any 
negative impact. 
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1.   Introduction 

1.1 The Impact of Round-the-World Propagation on OTH Radar 

The Jindalee Over-the-Horizon (OTH) radar transmits high frequency (HF) radio 
waves that are reflected by the ionosphere. They are used to detect and track targets at 
ranges of 1000-3000 km from the radar. 

The Jindalee radar uses a waveform that is repeatedly transmitted tens of times per 
second. The repetitive nature of the signal means that interference from ranges much 
greater than the radar's region of interest can wrap down into the operational region. Long 
range clutter with large Doppler offsets or spreads can mask the wanted target signals in 
the radar returns. Thus it is important to determine characteristics of such phenomena and 
their impact on the radar. 

The HF band is also where the phenomena of round-the-world (RTW) propagation takes 
place and thus there is the potential for the RTW signals to interfere with the radar's ability 
to detect targets. The characteristics that are important for radar work are the magnitude 
and frequency behaviour of the RTW signals, including any diurnal and seasonal 
variation. A program of measurements was undertaken to try to understand these factors. 
Although the Doppler spread on the RTW signal is also an important factor for radar work 
as this determines the proportion of targets that may be obscured, this is beyond the scope 
of this report. 

1.2 Round-the-World Propagation: Previous Measurements 

The phenomena of extremely long range and round-the-world propagation was first 
reported by Quack [1927]. He investigated Morse code signals from a shortwave 
transmitter in the United States operating at 18.55 MHz. When received in Germany 
they were also accompanied by a second, weaker signal. This second signal was 
delayed by a short time and was attributed to an alternative, longer propagation path 
in the reverse direction encircling the earth. He also reported cases where the delayed 
signal had travelled around the entire circumference of the earth. These latter signals 
were dubbed round-the-world echoes and were found to have delays of between 135 
and 138 milliseconds. 
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Further work, Quack and Mogel [1929], established that the most favourable conditions 
for round-the-world propagation occur when the signals propagate along the line of 
twilight around the earth. Some attempt was also made by these workers to characterise 
the temporal behaviour of the phenomena. Hess [1948] showed further measurements that 
indicated RTW signals propagated during the daylight hours in winter and after sunset in 
summer. 

There were two possible RTW propagation mechanisms discussed by Hess. In the first 
theory the radio wave was reflected multiple times, at low angles of incidence, from the 
ionosphere and the earth's surface. It was calculated that between 12 to 17 hops were 
required to complete the circuit. The second explanation relied on a "sliding wave" that 
travelled at a constant height in the ionosphere. The ray would constantly leak energy out 
as it propagated and this would be detected at the ground. 

The currently accepted theory of RTW echo propagation was developed by Fenwick 
[1963]. This states that the propagation in the sunlit hemisphere is via standard E or F 
mode hops from earth to ionosphere and back. However, for the night hemisphere part of 
the journey, the radio wave is reflected from ionosphere to ionosphere (primarily F-layer 
reflections) with no intervening contact with the ground. The transition between the two 
types of propagation arises due to the effect of the steep gradients in the ionosphere at the 
sunset and sunrise boundaries. These gradients allow rays to achieve the correct angles to 
enter and leave the whispering gallery mode of propagation. 

Experiments to test this theory were carried out by Fenwick and Villard [1963a]. They 
showed that a round-the-world signal was simultaneously undetectable at a receiver on the 
ground in the dark hemisphere while being observed by another receiver in the daylight 
hemisphere. These observations support the Fenwick theory for the propagation 
mechanism. Ray path modelling work based on geometric optics was reported by Grossi 
and Langworthy [1966]. They showed how the presence of the gradients in the 
ionosphere due to sunrise and sunset could allow rays to enter and leave the whispering 
gallery mode of propagation. 

An interesting point noted by a number of authors including Isted [1958] was that the 
time delay for RTW propagation was independent of transmission frequency and would 
only vary by 1-2% from a mean of about 138 milliseconds. The time delay was also 
unaffected by diurnal, seasonal and solar cycle variations. This is in sharp contrast to the 
time delay of normal one or two hop propagation which is strongly influenced by all of 

these factors. 
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The relatively small dispersion on the RTW signals is also important. Fenwick and 
Villard [1963b] presented results of the received RTW pulse width as a function of 
transmission frequency. A pulse of width 1 millisecond was transmitted at a range of 
frequencies. The receiving system introduced broadening of approximately 1 millisecond 
to the pulse width. The received RTW pulses had widths that ranged from 6 or more 
milliseconds at 12 MHz down to about 2 milliseconds at 24 MHz. This broadening was 
attributed to the presence of a number of propagation paths resulting from the transmission 
of rays of different elevation angles. 

Bubenik et al. [1971] have described observations of fine structure related to multiple 
modes of RTW propagation. Hooklike structures were visible on RTW ionograms and 
these showed similarities to the shape of the nose of oblique ionograms recorded near the 
receiving site. 

A comprehensive review of the experimental and modelling work in round-the-world 
propagation has been published by Toman [1979]. The monograph by Gurevich and 
Tsedilina [1985] also has a long list of references that covers the work done in Russia and 
east European countries. 

2.       Round-the-World Propagation 

2.1       Measurements at Alice Springs 

A backscatter sounder was used to make the RTW measurements described in this 
document. It is a part of the Frequency Management System (FMS) of the Jindalee 
Over-the-Horizon-Radar. The various sub-systems of the FMS have been described in 
detail by Earl and Ward [1987]. 

The FMS backscatter sounder is normally used to measure the propagation conditions 
across the HF band for ranges from 0 to 12000 kilometres over a number of azimuths. A 
10 kW transmitter located at Harts Range, 100 km to the north-east of Alice Springs, feeds 
a single log periodic antenna oriented to the north-west. An FMCW signal, swept from 5 
to 45 MHz, is transmitted and a synchronised receiver is used to detect the backscattered 
energy. The receiver site is located at Mount Everard, 40 km north-west of Alice Springs. 
A linear antenna array allows eight simultaneous receiver beams to be formed covering the 
90° sector from west to north (from 279° to 9° East of North). Figure 1 shows the 
standard FMS beams labelled 0 through 7. 

Each backscatter ionogram is measured at a frequency resolution of 200 kHz from 5 to 
45 MHz. The time delay resolution is 0.325 milliseconds and 256 delay cells are recorded 
covering approximately 80 milliseconds of delay space. An example of a single 
backscatter ionogram recorded on Saturday 2nd April 1994 on beam 5 is shown in 
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Figure 2. There is strong 1 and 2 hop propagation between and 0 and 50 milliseconds 
delay up to 32 MHz for this particular time. Beyond this delay there is no detectable 
backscattered power. Note the calibration signal at a level of-122 dBW which is injected 
at 80 milliseconds delay for all frequencies. 

To record standard backscatter ionograms the transmitter and the receiver are 
synchronised such that they are tuned to the same frequency simultaneously. This ensures 
that the ionograms cover ranges from 0 to 12000 km. However it is possible to put a delay 
between the transmitter and the receiver so that signals that have travelled once around the 
world lie within the receiver passband. This delay is variable in 1 microsecond steps from 
0 milliseconds delay but is normally set to 80 milliseconds for RTW measurements. For 
an offset of 80 milliseconds the time delay coverage is from 80 to 160 milliseconds. 

For standard backscatter ionograms the receiver antenna array detects the scattered 
energy from the forward direction via the main lobes of the beam patterns. However in 
the RTW case the signal is received through the back lobes of the array. Figure 1 shows 
the beam directions for the standard backscatter and RTW configurations. The standard 
backscatter sounder beams are labelled 0 to 7 with beam 0 being the western-most beam 
and beam 7 the most northerly. The coverage is 90 degrees with boresight at 324 degrees 
east of north. The beam width of the receiving beams varies with frequency and is given 

by 

F 

where BW   is the half power beam width in degrees 

F       is the frequency in MHz. 

The beams are centred 11.5 degrees apart across the 90 degree coverage. For the RTW 
case the beams are labelled from beam 0 which covers the north-south path around to 
beam 7 which covers the east-west direction. 

2.2       Round-the-World Ionograms 

A typical RTW ionogram recorded using the backscatter sounder is shown in Figure 3. 
This ionogram was recorded 20 minutes prior to the standard backscatter ionogram of 
Figure 2. Nominally one set of eight round-the-world ionograms covering all FMS 
beams is recorded every hour. There are a number of distinctive features of the RTW 

echoes - 

i)    The RTW signal is generally the only non-noise feature visible from 80 to 160 
milliseconds delay. 
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ii)   The clutter is localised in delay at approximately 13 8 milliseconds with a width 
of 2 to 6 milliseconds. Also the time delay of the signal peak is approximately 
constant over frequency. This contrasts with the backscatter ionograms which 
show a significant increase in time delay with increasing frequency. 

iii) The peak RTW clutter power is comparable to the backscatter clutter power of 
Figure 2. 

iv) The frequency range of the RTW propagation is reduced compared to the 
backscatter sounding at a similar time. It has both a higher lowest useable 
frequency (LUF) and a lower maximum useable frequency (MUF) than for the 
one hop F-layer trace. 

v)   There is an preferred direction for RTW propagation as evidenced by higher 
signal levels on some beams. This optimum direction varies during the day. 

An example of the variation of RTW propagation with beam is shown in Figure 4. This 
shows the 8 RTW beams recorded at 00:15 Universal Time (09:45 Local time) on 
Saturday, April 2nd 1994. The RTW ionogram shown previously in Figure 3 can be seen 
here in beam 5. The clutter is quite strong in the north-west to south-east propagation 
direction (RTW beams 4 and 5). Around to the east-to-west and north-to-south directions 
(RTW beams 0 and 7 respectively) RTW clutter is almost entirely absent. 

Four hours later at 04:15:10 UT, Figure 5, the direction of maximum RTW propagation 
has moved to beam 7. The RTW signals that are visible on beams 0 and 1 are due to 
energy received via the array sidelobes. The level of sidelobe suppression is 
approximately 20 dB below the main beam level. No effort has been made to remove 
sidelobe contamination from the data presented in this report. 

2.3        Analysis Technique 

Before any analysis was done, the ionograms were processed to identify and isolate the 
RTW signal. This cleanup procedure was an automatic process that was applied to 
every ionogram. Figure 6 shows an example of a cleaned up ionogram that 
corresponds with the raw RTW ionogram in Figure 3. Note that, as well as removing 
the background noise, the signal at each frequency has been normalised to a nominal 1 
kW of transmitted power. This has meant the apparent signal strength has been 
reduced by up to 8-10 dB at some frequencies because the backscatter sounder 
transmitter radiates significantly more than 1 kW in some bands. 

The cleaned up ionograms were then analysed in monthly blocks. A number of 
parameters were scaled from each ionogram between 135 and 145 milliseconds delay for 
each run of the month. These delay limits were chosen to reduce the possibility that 
spurious signals surviving the cleanup process could influence the results. It was possible 

UNCLASSIFIED 



UNCLASSIFIED 
DSTO-RR-0059 

to examine such a limited bracket of delays because the round-the-world signal is so well 
defined in time delay. The parameters that were scaled are - 

i)    Minimum frequency of RTW propagation. 

ii)   Maximum frequency of RTW propagation. 

iii) Frequency span. This is the difference between i) and ii). 

iv) Maximum clutter power in the RTW trace, independent of frequency. 

v)   Frequency at which the maximum clutter power was found. 

vi) Area of the ionogram occupied by the RTW signal. This is a count of the number 
of pixels which are characterised as belonging to round-the-world signal. 

Thus for each hour in each day of the month being processed, eight values (one for each 
beam) were recorded for each of the scaled parameters. Once the data had been processed 
in this way it was possible to examine the temporal and seasonal characteristics of the 

RTW signals. 

3.   Results 

3.1        Temporal Variation of RTW Propagation 

To examine the diurnal variation of RTW propagation a month of summer and a 
month of winter data in 1993 was chosen. Because the transmitter and receiver sites 
are in the southern hemisphere the winter month is June 1993 and the summer month 
is December 1993. 

3.1.1      Summer RTW Propagation 

The maximum clutter power from RTW ionograms for each day in December 1993 is 
illustrated in Figure 7. The clutter power in dBW is plotted as a colour image with day 
of the month on the x-axis. The time of day is plotted on the y-axis at one hour 
resolution, the left hand scale is universal time and the right hand scale is local time at 
the receiver site. Within each day on the x-axis are eight columns representing the 
values of the peak clutter power for each of the eight beams. Beam 0 is the leftmost 

value within each day. 
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If on any beam there is no detectable RTW signal then a grey entry is printed. When 
there is no RTW ionogram is recorded, due to operational requirements, system failures 
etc., a blank entry is plotted for that hour. Also shown on the figure are lines representing 
the times of sunrise and sunset at ground level at the receiver site. The lower line marks 
sunset and the upper one, sunrise. 

A smaller plot to the right of the main figure shows the statistics of the clutter power for 
the month. The lower decile, median and upper decile values for each hour and beam are 
plotted. Again the values for each beam are plotted within each column. In order to 
generate statistically significant decile values a threshold number of measurements in each 
hour was set. A median value for an hour was calculated if there was data for at least three 
days during the month. The decile values require hourly measurements on at least ten 
days during the month for each hour. If there are not sufficient values to calculate a 
statistic for an hour a blank entry is plotted. 

In December 1993 there were strong RTW signals that became established at local 
sunset with a dramatic increase in the maximum clutter power at the time of the evening 
terminator. Over the course of the following 4 to 5 hours the maximum clutter power 
decreased until the RTW signal disappeared below the noise floor at about 1500 UT (0030 
LT). This event could be observed every day with the only variation being the strength of 
the echoes. 

There was a secondary period when the RTW signals were detected during December. 
During the daylight hours commencing at around 0000 UT (0930 LT) RTW propagation 
was seen but with maximum clutter powers that were at least 20 dB less than the post- 
sunset propagation. The daylight signals could be seen to last right up until sunset on 
some days (e.g. 24th December) while on others (e.g 26th December) they were barely 
detected at all. This increased variability in the detection of this second type was due to 
the variation in the amplitude of the RTW signal. Once the signal to noise ratio became 
too low detection of the round-the-world echoes became impossible. 

The optimum direction of RTW propagation can be deduced from the distribution of the 
maximum clutter power across the beams in Figure 7. For the post-sunset RTW signals 
the peak signals initially propagated on the north-west to south-east direction at local 
sunset. The preferred path then gradually moved around in an anti-clockwise direction 
until the optimum propagation direction was almost west to east around local midnight. 
Due to the low power of the daylight RTW signals it is difficult to assign an optimum 
propagation direction for this period. 

Figures 8 and 9 show the minimum and maximum frequencies that supported RTW 
propagation, also for December 1993. For the post-sunset RTW signals the minimum 
frequency was approximately 10 MHz at sunset. The minimum frequency then increased 
up to a peak of 21 MHz by midnight. The upper frequency limit remained approximately 
constant through the night with a median value on the beam of optimum propagation of 23 
MHz. 
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The frequency limits of the daytime signals were less varied on a day-to-day basis than 
the peak clutter powers discussed above. The lower frequency limit did not show the 
same strong increase over the course of the day that was observed for the post-sunset 
echoes. The lower frequency remained constant between 0930 LT and 1530 LT at 
approximately 16 MHz. The upper frequency limit also did not show any significant 
variation, remaining constant at 22 MHz. 

3.1.2     Winter RT W Propagation 

The occurrence of winter round-the-world echoes is in complete contrast to that seen 
during summer. Figure 10 illustrates the maximum clutter power for June 1993 in the 
same format as Figure 7. In winter there was only one period of RTW propagation 
observed during each day and it was exclusively a daytime phenomena. Every round-the- 
world ionogram recorded between the hours of 0730 to 1530 local time in June showed 
strong round-the-world echoes. Reception of the RTW signal commenced at sunrise with 
the signal strength increasing over the next few hours until it peaked just before noon. The 
signal then faded gradually until it disappeared just prior to local sunset. 

The lower frequency limit, Figure 11, of the winter RTW propagation is similar in 
behaviour to that of the post-sunset summer echoes. It started at 10 MHz at dawn and 
slowly increases over the propagation period. The highest value of 17 MHz is reached 
near sunset. The upper frequency limit, Figure 12, increased quickly from 12 MHz at 
sunrise to 25 MHz three hours later. At noon it reached a peak of 26 MHz which 
coincided with the maximum signal strength observed during the day. The upper 
frequency then slowly decreased over the course of the next six hours to be 22 MHz at 

sunset. 

3.2       Seasonal Variation in RTW Propagation 

As discussed in the previous section there are significant differences in the 
propagation characteristics of round-the-world signals between summer and winter. 
In order to study the changes that occur over the course of the year between the two 
seasonal extremes, the median measurements for each month of the year were 

combined. 

3.2.1      Occurrence of Day time and Post-sunset RTW 

The variation in the monthly median of the maximum clutter power for 1993 is shown in 
Figure 13. There is one column on the x-axis for each month. The maximum clutter 
power found for each of the 8 beams at 1 hour resolution is plotted within the column for 
each month. The y-axis is time of day, the left-hand side is Universal time and the right- 
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hand side is local Alice Springs time. Blank areas on the plot result when insufficient 
measurements were made during the month to allow an estimate of the median for the 
hour. The times of local sunset and sunrise at the receiver site are also marked on the 
figure. 

The two types of RTW propagation that were identified in the previous section, day time 
and post-sunset, can be seen in Figure 13. The first type, day time signals, were strongest 
during the winter months, May to August, but occurred throughout the year. They were 
observed at some azimuth in every month during 1993 during the mid-morning to mid- 
afternoon period. In contrast the post-sunset RTW echoes were only detected in the 
summer months, October to March. 

The day time RTW echoes were detected from local sunrise to sunset, a period of at least 
10 hours each day, for the nine months from February to October. By November the 
signal was difficult to detect above the noise level on most beams after mid-afternoon. 
The signals seen at 1730 LT, just before sunset, in November are early occurrences of the 
post-sunset echoes. 

The second type of round-the-world propagation always commenced at or just before the 
time of sunset at Alice Springs. Post-sunset signals were then detected for a maximum of 
8 hours a night in November and December. In March and October the echoes were only 
detectable for 2-3 hours commencing at sunset. Overall in 1993, the post-sunset type of 
RTW propagation occurred less often than the day time signals. 

3.2.2     Variations in Maximum Clutter Power 

The clutter level of round-the-world signals varied across the year, Figure 13, as 
conditions for the propagation of each type became more or less favourable. The 
maximum clutter power of the day time RTW signals peaked in June 1993 at -120 dBW. 
It decreased during the spring and autumn periods and by summer, November to January, 
the signals were 25 to 30 dB less than those measured during winter. The time of day 
when the largest day-time RTW signals were recorded remained constant from April to 
September at 0830-0930 LT. It was only in February, October and November that the 
time of peak day time power changed to 0630 LT. 

The most intense post-sunset signals were recorded in December 1993, peaking at -128 
dBW. Two months earlier, in October, the strongest post-sunset RTW echoes were 10 dB 
lower at -138 dBW. The time of occurrence of the maximum clutter remained the same, 
1930 LT, over the period when post-sunset signals were detected. There may have been 
some variation in the time of maximum clutter across the months. However, the interval 
between ionograms, 1 hour, did not allow it to be measured. 

UNCLASSIFIED 



UNCLASSIFIED 
DSTO-RR-0059 

3.2.3        Lower and Upper Frequency Limits 

The median statistic for 1993 of the lower frequency limit of round-the-world 
propagation is shown in Figure 14. It shows the same lower frequency behaviour over the 
course of the day for both the day time and post-sunset cases. During the months of 
optimum propagation for both types, June and December, the minimum frequency of 
RTW signals started at 9-10 MHz just after propagation commenced. It then increased 
until it reached 16 MHz at the end of the RTW period. The rate of change of the lower 
frequency limit was greater for the post-sunset type causing the period of propagation to 
be significantly shorter. 

However there was an asymmetry between lower frequency limits for the autumn and 
spring equinox periods. In autumn, March and April, the lower frequency commenced at 
12 MHz at 2200 UT (0730 LT) and increased to a peak of 18 MHz at 0300 UT (1230 LT). 
It then remained approximately constant until 0700 UT (1630 LT). However in spring, 
September and October, the lower frequency limit commenced at 10 MHz and only 
reached a peak of 16 MHz over the same period. Thus the lower frequency limit was, in 
general, 2 MHz higher in autumn than it was in spring at the same time of day. 

The upper frequency limit for 1993, Figure 15, remained approximately constant over 
the propagation period after an initial increase for both day time and post-sunset RTW 
signals. In June the day time signals started propagating with an upper limit of 13 MHz at 
sunrise (0630 LT). The frequency limit rapidly increased to 27 MHz by 0930 LT and then 
remained constant until sunset. The maximum frequency limit of the post-sunset signals 
in December started at 17 MHz at 1830 LT. Within an hour it had increased to 24 MHz 
then it did not change significantly for the rest of the RTW period. 

The upper frequency limit also shows a similar asymmetry between the equinoxes to that 
seen in the lower frequency limit. Again the frequencies in March and April were 
significantly higher than those in September and October. On average the autumn upper 
frequencies were 4 MHz higher than those at the equivalent times in spring. A peak of 28 
MHz was reached in April as opposed to a maximum of 23 MHz in September, both at 

1330 LT. 

3.2.4      Frequency of Maximum Signal Power 

The frequency at which the maximum RTW clutter power was recorded varied during 
each 24 hour period as conditions for propagation altered. In general the maximum signal 
strength occurred at a frequency within 10% of the midway point between the lower and 
upper frequency limits. A plot for 1993 of the frequency of maximum clutter power 
(corresponding to the maximum RTW power of Figure 13) is shown in Figure 16. 
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For both day time and post-sunset types of RTW signal propagation commenced with 
the maximum clutter frequency at 11-12 MHz. Over the course of the propagation period 
the frequency increased to a peak of 21 MHz. The peak frequency was recorded near the 
end of the propagation period for both types of RTW signal. The peak for the day time 
echoes in June occurred at 0600 UT while for the post-sunset signals it occurred at 1500 
UT. The frequency at which maximum clutter was recorded remained 4-5 MHz above the 
lower frequency limit for RTW propagation over the entire year. 

As previously seen in the plots of the lower and upper frequency limits, propagation 
during the autumn equinox exhibited different behaviour to that of spring. In April 1993 
the maximum clutter was recorded at a frequency of 23 MHz during the afternoon while in 
September it was lower, at 19 MHz, again during the afternoon. The differences were 
smaller, 2 MHz, when the RTW signals commenced propagating after sunrise but they 
increased until mid-morning when a constant 4-5 MHz differential was established. 

3.2.5      Summary of Seasonal Variation 

The conditions required for propagation of round-the-world signals during the daylight 
hours are regularly established throughout most of the year. Day time RTW signals are 
strongest in winter and decline in power through spring. They reach a minimum in 
summer that is 25 to 30 dB less than the winter peak then gradually increase again through 
autumn. The signals are detectable for at least 10 hours during each day for approximately 
6 months commencing in April. It is only at the peak of summer that they are observed 
for less than 6 hours during the daylight hours. 

In contrast to this post-sunset RTW propagation is only supported during the summer 
months. They are first visible in October for 2 hours after sunset. The post-sunset signals 
peak in December/January and are last detected in March. At the peak time for the 
reception of the post-sunset signal in 1993, the clutter levels recorded were almost the 
same as those at the peak of the day time signal in winter. They both reached a maximum 
level of-125 dBW on the beam of optimum propagation, the post-sunset type at 1000 UT 
(1930 LT) in December and the other in June at 0000 UT (0930 LT). 

The lower and upper frequency limits for both types of RTW signals show similar 
features. It is only during the autumn equinox period that a significant difference is 
apparent in the frequency behaviour of the day time round-the-world propagation. Here 
the frequencies (lower and upper frequency limits as well as frequency of maximum 
clutter power) occupied by the RTW signal are 3 to 4 MHz higher than at any other time. 
In contrast the spring equinox period has frequencies that are following the trend from 
higher in winter to lower in summer. 
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3.3       Evidence of Solar-Cycle Effects 

The ionosphere is strongly influenced by long term changes in the output of solar 
radiation as measured by the sunspot index and the output of 10cm radio waves. 
These changes manifest themselves as variations in HF propagation conditions, for 
example frequency limits and signal strengths. It should be expected then that solar- 
cycle variations should be detectable in the behaviour of round-the-world signals. The 
sunspot number for the period from 1987 to 1994, Figure 17, shows a rapid increase 
from low levels in 1987 to a broad peak between 1989 and 1991 and then a gradual 
decline to a minimum in 1994. The largest effects might be expected to be seen 
between years of peak solar activity like 1989 and those of low levels such as 1994. 
Unfortunately the RTW data from Alice Springs does not include a high sunspot year. 
The average sunspot numbers for the years that RTW data has been collected at Alice 
Springs are 29.2 for 1987, 54.6 for 1993 and 30.8 for 1994. Both 1987 and 1994 could be 
generally described as low sunspot years while 1993 is medium-low. 

3.3.1      Maximum Clutter Power 

Plots of the maximum clutter power parameter for 1987 and 1994, Figures 18 and 19, 
shows similar features as that for 1993, Figure 13. Again the day time type of propagation 
was strongest and was observed for longer during each day in winter, gradually decaying 
towards summer. The post-sunset RTW signals were only seen during the summer 
months and were as intense at their peak as the day time signals. In general, the clutter 
powers recorded for spring-summer 1987 were as strong or stronger to those for the same 
period in 1993. The cause is likely to be the level of solar activity through late 1987 
reaching levels equal to or above those of spring-summer 1993. Note that a number of 
system changes to the backscatter sounder between 1987 and 1993 have resulted in an 
improvement of the system sensitivity. This upgrade has resulted in the backscatter 
sounder being able to better detect lower level RTW signals. 

Comparison of the maximum clutter power for 1993 to that for 1994 shows significant 
differences. The overall level of clutter power is reduced in 1994 by 3 to 5 dB for most 
hours in the corresponding months. For example in June 1993 at 0200 UT the maximum 
clutter power was -130 dBW recorded on beam 5. In June 1994 at the same time the 
maximum clutter power was -136 dBW on beam 5. Due to the decrease in power received 
the range of azimuths that the RTW signal was seen on has reduced. The round-the-world 
echoes were recorded on all beams between 08:00 and 16:00 LT during May to July 1993. 
In 1994 the echoes were not detectable above the noise level on some beams during the 

same period. 
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3.3.2 Frequency Related Parameters 

The lower frequency limit for 1994, Figure 20, shows little change from that of 1993, 
Figure 14. One of the primary differences is that during winter 1994 the day time 
propagation commenced 1 MHz lower than seen in 1993. The region of increased lower 
frequency limit seen during the autumn equinox of 1993 is not as prominent in 1994. 

However the upper frequency limit for 1994, Figure 21, shows greater change from that 
of 1993. The 1994 winter day time signal has a peak frequency that is suppressed by 3 to 
4 MHz over most of the day compared to 1993. The change in the upper frequency limit 
for the post-sunset type is less between the two years, being about 1 MHz. As for the 
lower frequency limit, the increase in the upper frequency limit for the day time signal 
during autumn is not as large as seen in 1993 but it is still apparent. 

The frequency of maximum clutter power for 1994, Figure 22, also shows an overall 
reduction in frequency when compared to 1993, Figure 16. The largest frequency 
differences are 3 Mhz that occur for the day time echoes during winter. The post-sunset 
echoes seen during summer are not suppressed by quite as much, suffering a reduction of 
only 1 to 2 Mhz. 

3.3.3 Area of RTW Trace 

The parameter that shows the largest differences between the RTW traces for 1993 and 
1994 is the area occupied by the echo. The area of each RTW ionogram is calculated by 
totalling the number of delay-frequency cells between 135 and 145 milliseconds that 
contain echo power above the background noise. Thus this parameter would be expected 
to be sensitive to not only changes in span of frequencies that are propagating but also the 
width of the RTW trace. The width of the trace can be affected by two things, the number 
of "modes" visible and the power of the signal. The round-the-world ionogram shown in 
Figure 3 has two "modes" visible at 15 MHz but only one "mode" can be seen at higher 
frequencies. Often only a single "mode" is recorded. The effect of increasing the signal 
strength of the RTW echo is to increase the signal to noise ratio of the outer areas of the 
trace and thus increase the area. 

The values recorded for the area of the round-the-world trace for 1993 and 1994 are 
shown in Figures 23 and 24 respectively. The day time echoes show decreases in area of 
44% from values of 270 cells in June 1993 at 0000 UT to 150 cells in June 1994. The 
difference in September at the same time of day for both years is similar showing a 
decrease of 38%. The post-sunset signals also show a significant decrease in area in 1994 
compared to 1993. The magnitude of the decrease is more variable than that seen for the 
day time echoes, but is generally smaller at around 20%. The smoothed sunspot numbers 
for corresponding months in 1993 and 1994 (e.g. June 1993 compared to June 1994) show 
an approximately constant decrease of about 50% for the months from January to July. 
From August to December the decrease gradually becomes less, changing from 43% in 
August to 14% by December. This corresponds closely with the changes in round-the- 
world trace area over the same period. 
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3.4       Optimum Direction of RTW Propagation 

One of the striking features of the figures presented which show azimuth (beam 
direction) as a function of time of day is that the preferred direction for round-the- 
world propagation changes through the day in a consistent fashion. For example the 
plot of maximum RTW clutter power for 1993, Figure 13, shows that the beam on 
which the maximum clutter power is recorded changes during the day. For the day 
time signal in June the peak clutter signal was first recorded on beam 3 (330° Tx, 150° 
Rx) at 2200 UT (0730 LT). It then moved anti-clockwise through the day reaching 
beam 7 (285° Tx, 105° Rx) at 0400 UT (1330 LT). The post-sunset signal in December 
1993 peaked on beam 3 at 1000 UT (1930 LT). It also rotated anti-clockwise over the 
next few hours finishing on beam 7 at 1400 UT (2330 LT). 

Fenwick [1963] has studied this behaviour in detail and has produced a simple theory 
that can be used to predict the direction of optimum RTW propagation. In this simple 
theory the only factor that affects the RTW signal is the attenuation in the ionosphere, 
primarily due to solar radiation. Thus the optimum direction of propagation is defined to 
be the one that provides a path around the earth that maximises the distance from the sub- 
solar point. From this point of view the best path would be the one that travels along the 
band of twilight between the day light and dark hemispheres. Because all of the RTW 
signals are assumed to travel on great circles this path is, of course, only available when 
the transmit/receive site also lies in the twilight zone. 

Fenwick's formulation of the optimum propagation direction is given as 

„„„       /tanöcoscb    .   ,     4, 
A = 90°- cof'  —— -sin <t>cot h 

v    sin/i 

where A is the optimum azimuth 

8 is the declination of the sun 

(j) is the latitude of the transmit/receive site 

h is the sun's hour angle relative to the transmit /receive site 

This gives the direction normal to azimuth of the sub-solar point as seen from a given 
transmit/receive site. 

Figure 25 shows the optimum direction of RTW propagation for Alice Springs as 
measured with the backscatter sounder against the theoretical azimuth from Equation 1. It 
shows the data for the winter months (May to August) for 1987,1993 and 1994. Note that 
the only winter month with available RTW data in 1987 was August. Theoretical curves 
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for winter (solar declination of 23.4°) and the equinox (solar declination of 0°) are plotted 
as a function of hour of the day. The measured values of the optimum azimuth were 
determined from the monthly median values of maximum clutter power as shown in 
Figure 13 for 1993. For each hour in the given month a curve was fitted to the 8 beam 
values and the azimuth that gave the maximum clutter value interpolated. This azimuth 
was then plotted on the figure at the appropriate hour. Also plotted on the graph are lines 
indicating the extent of the azimuth field of view of the FMS receiver array. 

We can see that for the period from 0730 LT (2200 UT) to 1030 LT (0100 UT) the 
measured values of optimum azimuth lie closely bunched around the theoretical winter 
curve as expected. Also the theoretical curves remain inside the field of view of the 
receiver beams. The anti-clockwise rotation of the optimum azimuth can be seen. 
However from 1130 LT (0200 UT) until the propagation ceases at 1730 LT (0800 UT) the 
points become more scattered and do not lie close to the theoretical curves. This is due to 
the optimum propagation azimuth moving outside of the field of view of the receiving 
system. Thus any RTW signals received will be via the sidelobes of the receiving beams 
and not the main lobes. The intensity of the sidelobe signals as a function of direction is 
difficult to accurately model for the FMS antenna array. Thus it is difficult to determine 
which direction the real signals are coming from when only the sidelobes are visible. 

The corresponding plot for the summer months (November to January) of 1987 to 1994 
is shown in Figure 26. Again it shows a close grouping of the measured optimum 
azimuths with the theoretical curve for the period when the predicted azimuth fell within 
the FMS beam limits. This was the period from 1830 LT (0900 UT) to 2330 LT (1400 
UT). Outside these times the post-sunset RTW signal had generally ceased propagating 
however the weak day time echoes were visible. They showed a large scatter in optimum 
direction that is similar to that seen on the afternoon echoes recorded in winter. 

Fenwick [1963] has also developed more sophisticated models for the optimum 
propagation direction that take into account the effects of variations in the F2 ionospheric 
layer. These involve using global maps of f0F2 (the critical frequency of the ordinary ray 
in the F2 layer) to select the path that has the highest average f0F2 as the optimum 
azimuth. From the data that has been examined here it does not appear to be necessary to 
invoke such sophisticated models. The measured data fits the simple model well in the 
regions when the optimum azimuth lies within the beam limits for both day time and post- 
sunset echoes. 
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4.   Conclusions 

4.1       Temporal and Seasonal Variation 

The results presented in this report show the temporal and seasonal variation in the 
occurrence of round-the-world HF signals. In general RTW signals can be detected 
strongly during daylight hours in winter and for some period after sunset in summer. 
This confirms the previous studies in this area by workers such as Quack and Mogel 
[1929], Hess [1948] and Fenwick [1963]. 

A point not noted by previous authors is that RTW propagation can also be detected 
during the day in summer. Examining the behaviour of the frequency of maximum power 
for both the daytime and post-sunset RTW signals confirms that they are two separate 
classes of echoes. In summer the day time section of propagation follows the pattern of 
that in the winter months for the same times of day. However there is no equivalent 
propagation in winter for that seen in summer, post-sunset. This leads to the view that 
there are two distinct types of RTW signals, daytime and post-sunset. The daytime signals 
are seen through most of the year and are strongest in the winter months. The post-sunset 
signals are strongest in the summer half of the year and not observed at all in winter. 

Another area where the results presented here significantly improve on previous work is 
the wide coverage in both time and frequency of the RTW measurements. Earlier authors 
who have presented statistics on the occurrence of RTW signals have often used fixed 
frequency systems that have only been able to monitor a very limited number of 
frequencies. The use of the FMCW backscatter sounder has enabled the entire 5 - 45 MHz 
band to be covered with each sounding. Thus the maximum RTW clutter power over the 
HF band and the frequency at which it is received can be scaled from each ionogram. The 
data presented also covers a larger time span (nearly two and a half years) than any 
published by previous workers. 

The peak power of the RTW ionograms reached -120 dBW in winter 1993 and -128 
dBW in summer 1993. The frequency of maximum RTW power data shows that the 
optimum frequency for propagation remains 4 to 5 MHz above the lower frequency limit 
at any given time. It varies from 11 to 21 MHz over the course of the year. This band of 
frequencies is also one of the most useful for OTH radar operations so it is important to 
determine what impact this will have on target detection capability. To do this requires an 
estimate of the Doppler characteristics of the RTW signal which has not yet been 

systematically studied. 
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4.2 Seasonal Asymmetry in RTW Signals 

An interesting feature, not noted by other authors, is the asymmetry in the frequency 
characteristics of the RTW signals between the spring and autumn equinoxes. The data 
shows the frequencies, both the upper and lower frequency extremes as well as the 
frequency of maximum clutter power, are 3 to 5 MHz higher in autumn than for the spring 
period. However the maximum clutter power recorded does not differ significantly 
between the autumn and spring equinoxes. An explanation for this behaviour can be 
found in the ionospheric maps of f0F2 for the afternoon hours in the Alice Springs region 
which show similar structures during each of the equinoxes. However the autumn 
equinox has vertical critical frequencies that are approximately 1 MHz higher than the 
spring equinox. Due to the RTW signals propagating using very low angle rays this 
frequency difference is exacerbated and could thus explain the observed 3-5 MHz 
difference. 

4.3 Solar Cycle Variation in RTW Signals 

The data shows clear solar cycle variations in both the signal strength and frequency 
characteristics of the RTW echoes. The sunspot number declined from an average of 
54.6 in 1993 to 30.8 in 1994. The maximum signal power was 3 to 5 dB higher overall 
in 1993 compared with 1994. It is likely that the maximum power would be even 
greater at sunspot maximum, however further measurements are needed to confirm 
this. The frequency characteristics of the RTW signals also show the influence of the 
solar cycle variation. The upper frequency limit of the winter day time echoes showed 
the greatest change. In 1994 they were suppressed by 3 to 4 MHz compared with the 
same period in 1993. In general both the signal power and frequency extents of the 
RTW signals decreased with decreasing sunspot number over the period of 
observation. 

4.4 Optimum Propagation Direction 

The direction of optimum propagation is shown to be accurately predicted by Fenwick's 
simple model when the signals lie within the main coverage of the FMS receiver array. It 
is only when the optimum azimuth lies outside this region that the data becomes scattered. 
The scatter in the points is due to the signal being received via sidelobes of the array rather 
than a main beam. It may be possible to use this data, assuming it will continue to follow 
the predicted azimuth, to map out the sidelobes of the FMS array. However this work is 
beyond the scope of the current report. In any case the simple model should be sufficient 
to allow radar operators to predict the optimum azimuths for much of the period when 
RTW propagation is detectable. It is only for the period from 1300 to 1800 LT in winter 
and during the low power day time signals in summer are present that the simple model 
would not predict the observed optimum azimuth correctly. 
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5.   Future Work 

There is scope for continuing examination of round-the-world propagation to enable 
the solar cycle dependence of the phenomenon to be fully examined. This would 
require regular measurements of RTW signals through both the low and high parts of 
the solar cycle. These long term results should show which characteristics of the 
signals are affected by the bulk changes in the ionosphere. The use of the new 
orthogonal FMS receiving array which provides 360 degree coverage will also allow 
the RTW phenomena to be measured unambiguously beyond the present azimuth 

limits. 

Measurements on the Doppler spread of the round-the-world signals are also required. 
These, combined with the occurrence and power statistics reported here, will enable an 
estimation of the impact of the RTW phenomena on radar operations. Then mitigation 
strategies can be determined to reduce the effect on radar target detection capabilities. 

There has been a considerable body of work published on the prediction of round-the- 
world signals using a technique known as the adiabatic invariant (see Gurevich and 
Tsedilina [1985] or Tichovolsky [1984] for summaries of this work). This model uses 
ionospheric maps such as IRI or IONCAP to predict the extent of trapping of radio waves 
in ionospheric ducts. This allows the frequency extents of RTW signals to be found. 
However there are difficulties determining the absorption along the path. This means that 
it is difficult to model clutter powers and thus simulate RTW ionograms using this 

technique. 

These problems could be overcome by the development of an accurate raytracing model. 
This would enable predictions of the received power and frequency limits of the RTW 
signals to be made. These predictions could then be used to warn the radar operators of 
frequencies that could be adversely affected by this phenomena. It could also lead to a 
better understanding of the mechanisms underlying the various round-the-world related 
phenomena. 
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Figure 1: The receiver beam directions for the FMS backscatter sounder (solid lines). Also 
shown are the round-the-world receiver beam directions (dashed lines). 

21 

UNCLASSIFIED 



DSTO-RR-0059 

Backscatter Clutter 
1994    Day 092    00:35:00 UT - Saturday April    2nd 10:05:00 LT 

Beam 5 

o 
CD 

•■■o 20 25 30 
Frequency    (MHz) 

■•20 

-25 

■130 

-35 

■'40 

■ "i 45    m 

50 

-   -1 bo 

■"60 

6b 

-170 

Figure 2: An example of a backscatter ionogram recorded using the FMS backscatter 
sounder. The Ionogram was recorded on beam 5 at 00:35:00 UT on Sunday 
April 2nd 1994. Strong one and two-hop echoes can be seen behoeen 5 and 
30 Mhz. 
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Figure 3:      The round-tiie-world ionogram recorded approximately 15 minutes before the 
backscatter ionogram shown in figure 2. The RTW signal was more confined in 
frequency and delay than the backscatter ionogram. Note the presence of a second 
"mode" located fust beyond 140 Milliseconds delay. 
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Figure 4: The azimutlial variation in signal strength can be appreciated from the RTW 
ionograms recorded simultaneously on eight FMS beams. The strongest RTW 
signal was recorded on beam 5. 
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Figure 5: A set of RTW ionograms recorded four hours after those shown in figure 4. The 
strongest signal is now on beam 7. The weak RTW signals seen in beams 0 and 1 
are due to sidelobes of the receiver beams. 
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The cleaned up RTWionogram corresponding to the data shown in figure 3. Tlie 
background noise field has been removed and the signal corrected to a constant 
1 kWof'transmitter power at all frequencies. 
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Figure 7: Tlie maximum clutter power recorded on each RTWionogram measured during 
December 1993. Within each day column the values for the eight beams (0-7, left 
to right) are -plotted. The times of sunset and sunrise at Alice Springs are marked. 
Note tlie weak day time and strong post-sunset signals. The smaller plot to the 
right shows the lower, median and upper decile levels for the month. 
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Figure 8:     The lower frequency limit of the RTWionograms during December 1993. The 
format is the same as for figure 7. 
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Figure 9:     The upper frequency limit of each of the RTW ionograms recorded during 
December 1993. 
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Figure 20:   TTze maximum clutter poxoerfor June 1993 in the same format as figure 7. Strong 
RTWclutter returns were only recorded during the daylight hours. 
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Figure 11: The lower frequency limit for June 1993. 
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Fzgwre 22: TTze upper frequency limit for June 1993. 
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Figure 13:    A plot of the monthly median peak clutter power recorded on all beams during 
1993 as a function of time of day. Within each month the values for the beams 
(0-7, left to right) are plotted. During winter, June-July, RTWpropagation 
occurred exclusively during the daylight hours. In summer, January and 
December, the strongest returns were measured post-sunset however weaker 
signals were also detected during the day. 
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Fzgnre 24:    T/te median loxver frequency limit observed for each month in 1993. During the 
months of optimum propagation, June and December, it commences at 9-10 Mhz. 
It increases during the subsequent few hours to finish at 16 Mhz. Note the 
summer daytime propagation behaves similarly to the winter signals. Note also 
the region of higlier frequencies during tlte autumn equinox. 
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Figure 15:   Tlte median upper frequency limit for 1993. The autumn equinox period again 
shotvs the higliest frequency returns. 
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Figure 26:    Tfe monthly median of the frequency at which tJie maximum clutter signal urns 
recorded for 1993. 
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Figure 17:    Observed and smoothed suns-pot number for tlte period 1987 to 1994. The shaded 
regions are those tolwre round-the-world propagation measurements were made. 
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Fzgwre IS:   RTW maximum clutter power - the monthly medians for 1987. 
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Figure 19:   Monthly median RTW maximum clutter -power for 1994. 
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Fz'gure 20:   Lower frequency limit of the RTW signals recorded during 1994. 
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Figure 21:    Upper frequency limit of the RTW signals recorded during 1994. 
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Figure 22:   Frequency of the maximum RTW clutter power - median for 1994. The autumn 
equinox frequency increase seen during 1993 is again visible. 
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Figz.jre 23:   Area of the round-the-xvorld trace, monthly median for 1993. 
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Fz'gure 24:   RTW area for 1994 at a median level. 
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Figure 25:   Optimum direction of RTWpropagation observed during the winter months (May 
to August) of 1987,1993 and 1994. The theoretical optimum azimuths for winter 
and the equinoxes are also shown. The azimuth limits of the FMS beams are 
indicated. 

45 

UNCLASSIFIED 



UNCLASSIFIED 
DSTO-RR-0059 

^ 
cn 
CD -4-* 

"E 
o '— 

n E 
V) u 

+j CD CD 

cd CD ÜJ 

bß ' 
cd * 
CX • 
O 1^ 

on 
1 

(X CD 

^ + X 
H o 
Pi C 

D 
«4-H cr 
0 LÜ 

a L- 

o ÜJ 1 
• p—1 F 1 

Ü 
CD 

E 
(O 

1 

1 
!M 

.i-H l_ 

Q Ü 
V4— 

e o 
n 

3 Q CD a E 
.i—i b 
4-J 

CO 

(N JO 3 saajßap)    L|}nuu|zv 

Fzgure 26:   Optimum direction of RTWpropagation for the summer months (January, 
November and December) of 1987,1993 and 1994 
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